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Description 

BACKGROUND OF THE INVENTION 
Field of the Invention 

[0001] This invention relates to optical devices and 
graded refractive index lenses. 

Discussion of the Related Art 

[0002] A graded refractive index (GRIN) lens has a re- 
fractive index whose value varies with radial distance 
from the axis of the lens. The non-trivial variation in re- 
fractive index causes light refraction and gives the GRIN 
lens focussing capabilities that are similar to those of an 
ordinary lens. Therefore, many optical devices employ 
GRIN or ordinary lenses interchangeably. 
[0003] Many optical devices use lenses to focus, col- 
limate, or expand light beams. Figure 1 shows a fiber 
device 10 in which a GRIN fiber lens 11 is fused to a 
terminal end 12 of an optical fiber 13. The GRIN fiber 
lens 1 1 expands and collimates the light beam emitted 
by the optical fiber 13. The GRIN fiber lens 1 1 improves 
the optical coupling between optical fiber 13 and fiber 
device 1 5 as compared to the coupling that would other- 
wise exist between the fiber 13 and device 15 due to 
diffraction. The GRIN fiber lens 11 reduces diffraction 
losses when the optical fiber 13 is optically coupled to 
another optical fiber. 

[0004] Since the diameter of a light beam varies along 
the axis of a GRIN lens, the beam diameter variations 
provide a measure of the lens* length. The length over 
which the variations in the beam diameter make two com- 
plete cycles is known as the pitch of the lens. Typically, 
lengths of GRIN lens are referred to in multiples of the 
pitch length, e.g., V6 pitch or 14 pitch. 
[0005] W.L Emkey, et al., Analysis and Evaluation of 
Graded-lndex Fiber-Lenses, JOURNAL OF LIGHT- 
WAVE TECHNOLOGY, Vol. LT-5, 1987, pages 
1 156-1 1 64 (EMKEY), reports on the coupling efficiency 
between two fiber lenses fused to their end faces and 
addresses applications in which optical components are 
inserted between the two fibers. 
[0006] WO-A-01/1 1409 describes an optical imaging 
probe to be used with medial diagnostic devices where 
the probe has a single-mode optical fiber that is optically 
coupled to a lens of substantially the same diameter. 
[0007] US-A-6 1 72 81 7 describes a method for forming 
a GRIN rod lens where the glass in different regions is 
manufactured to avoid phase separation. 
[0008] US-A-6 131413 describes a method of shrink- 
ing a tubular optical perform using a glassmaking lathe. 
[0009] EP-A-1 035 083 describes a method of prepar- 
ing performs by removing or significantly reducing unde- 
sirable refractive index variations in the central portion 
of the fiber. 

[0010] EP-A-0 972 752 describes a unique and bene- 



ficial large optical perform made by a modified chemical 
vapor deposition process. 

[0011] JP-A-60 166 244 describes, in its abstract, a 
method of manufacturing a perform by collapsing a 
5 quartz tube while removing the innermost core. 

Summary of the Invention 

[0012] Apparatus and a method according to the in- 
fo vention are as set out in the independent claims. Pre- 
ferred forms are set out in the dependent claims. 

BRIEF SUMMARY OF THE INVENTION 

*5 [0013] The embodiments of the invention include a 
GRIN fiber lens in which the refractive index has a radial 
profile. When attached to an end of an optical fiber, the 
GRIN fiber lens used in the invention increases the 
Rayleigh range of the emitted beam above that of a light 

20 beam emitted by a similar fiber attached to a conventional 
GRIN lens. The increased Rayleigh range improves 
beam collimation so that the fiber may couple to other 
optical devices over larger distance ranges. 
[0014] In the invention, the GRIN fiber lens has a silica- 

25 glass core whose refractive index has a radially graded 
profile. The profile has negative radial second derivatives 
with average magnitudes in cores of less than about 1 .7 
x 10- 6 microns* 2 times the value of the refractive index 
on the axis of the GRIN fiber lens. Henceforth, microns 

30 are written as -tm. 

BRIEF DESCRIPTION OF THE FIGURES 
[0015] 

35 

Figure 1 is a cross-sectional view of a fiber device 
that uses a conventional GRIN fiber lens to end-cou- 
ple two optical fibers; 

Figure 2 is a cross-sectional view of a fiber device 
40 in which an optical fiber is fused to an embodiment 
of a GRIN fiber lens; 

Figure 3A shows radial profiles of germanium dopant 
densities in a conventional GRIN fiber lens and a 
GRIN fiber lens used in the invention; 
<5 Figure 3B shows radial profiles of refractive indexes 
for the GRIN fiber lenses of Figure 3A; 
Figures 4A and 4B illustrate beam collimation in fiber 
devices with the G RIN fiber lens used in the invention 
and with conventional GRIN fiber lenses, respective- 

50 |y; 

Figure 5 is a flow chart for a method of fabricating 
the fiber device of Figure 2. 

Figure 6 A is a cross-sectional view of a mode con- 
verter; 

55 Figure 6B is a cross -sectional view of a mode con- 
verter that uses a compound GRIN fiber lens; 
Figure 7A is a top view of a 1 x2 micro-optical router; 
Figure 7B is a top view of another topology for a 1 x2 
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micro-optical router, 

Figure 7C is a top view of a device that optically cou- 
ples three optical fibers; 

Figure 8 is a cross-sectional view of a 1xN micro- 
optical router; 

Figure 9 is a top view of an N x M micro-optical router; 
and 

Figure 1 0 is a cross-sectional view of an optical fiber 
with an in-line optical device. 

[0016] In the Figures, like reference numbers refer to 
functionally similar features. 

DETAILED DESCRIPTION OF THE EMBODIMENTS 
1. Grin Fiber Lenses 

[0017] Figure 2 shows an optical fiber device 16 in 
which an optical fiber 17 is end-coupled to a GRIN fiber 
lens 18, e.g., fused or glued to the fiber 17. The GRIN 
fiber lens 18 and optical fiber 17 are co-axial and have 
similar or equal outer diameters whose values are in the 
range of about 100 jim to about 135 ^un, e.g., 125 ^.m. 
The GRIN fiber lens 1 8 collimates a light beam 1 9 emitted 
from the end of the optical fiber 1 7 thereby decreasing 
the numerical aperture below that of a bare optical fiber. 
The GRIN fiber lens 1 8 is also able to focus an incident 
light beam into the end 20 of the optical fiber 1 7. 
[0018] Exemplary optical fibers 17 include single- 
mode and multi-mode fibers. 

[0019] The GRIN fiber lenses 18 used in the invention 
have refractive indexes whose radial profiles differ sig- 
nificantly from those of conventional GRIN fiber lenses. 
The radial profiles enable decreased numerical aper- 
tures and increased Rayleigh ranges for fiber device 16 
as compared to values of the same quantities in conven- 
tional fiber device 1 0 of Figure 1 . The decreased numer- 
ical aperture implies that an appropriate length GRIN fib- 
er lens 1 8 would cause less diffraction and a lower power 
density in emitted light beam 19 than in the light beam 
14 emitted by conventional fiber device 10. The in- 
creased Rayleigh range implies that emitted beam 19 is 
better collimated than the beam 14. The improved prop- 
erties of the emitted beam 19 facilitate transverse align- 
ments required to end-couple the fiber device 1 6 to an- 
other fiber device (not shown). 

[0020] In some embodiments of fiber device 1 6, GRIN 
fiber lens 1 8 has an end face 21 that is angle cleaved to 
reduce back reflections of light into optical fiber 17. In 
particular, a normal vector to the end-face 21 is preferably 
cleaved at an angle 1 ° - 2 ° or less with respect to the 
axis of the G RIN fiber lens 1 8. This cleave angle is smaller 
than a typical cleave angle of about 8 ° used to lower 
reflections from its end face back into the optical fiber 
(not shown). The beam expansion provided by the GRIN 
fiber lens 18 lowers the amount of angle cleave needed 
to produce an equivalent reduction in back reflections 
into the fiber 1 7. 



[0021] The GRIN fiber lens 18 has a circular core 22 
and an annular cladding 24 that surrounds the core 22. 
In the core 22, the refractive index varies with the radial 
distance from the axis of the GRIN fiber lens 18. In the 
5 cladding 24, the refractive index is constant and has a 
lower value than in the core 22. The G RIN fiber lens has 
an outer diameter of about 1 25 urn. The outer diameter 
is the same as that of conventional GRIN fiber lens 1 1 
shown in Figure 1 . But, the conventional GRIN fiber Jens 

10 and that used in the invention 11,18 have different radial 
refractive index profiles due to differences in density dis- 
tributions of dopant atoms in their cores. Exemplary do- 
pants include germanium (Ge), aluminum (Al), phospho- 
rus (P), and fluorine (F). 

15 [0022] Figure 3A shows radial profiles 26 and 27 of 
Ge-dopant densities in conventional GRIN fiber lens 1 1 
and in the GRIN fiber lens 18, respectively. In the core 
22 of the GRIN fiber lens 18, the Ge-dopant density has 
a radial profile that is largest on the central axis and 

20 curved concave downwards. The profile does not have 
an axial density dip, i.e., unlike some conventional GRIN 
fiber lenses (not shown). The curvature of the radial pro- 
file of the Ge-dopant has a smaller average magnitude 
in the core 22 of the GRIN fiber lens 1 8 than in the core 

25 of conventional GRIN fiber lens 1 1 . In the claddings of 
GRIN fiber lenses 18, 11, the Ge-dopant densities are 
lower than in the fiber cores and are constant with respect 
to radial distance from the fiber axes. 
[0023] The boundaries between core and cladding, 

30 i.e., at radial distances of R c and R c \ are characterized 
by abrupt changes in the Ge-dopant densities and/or ra- 
dial gradients of the densities. The core diameter is larger 
in the GRIN fiber lens 1 8 than in conventional GRIN fiber 
lens 11, i.e., R c * > R c . Increasing the core diameter in- 

35 creases the Rayleigh range of fiber device 1 6 when a 
GRIN fiber lens 18 of appropriate length is used therein. 
Exemplary embodiments of the GRIN fiber lens 1 8 have 
an outer diameter of about 125 p,m, and a core 22 with 
a diameter of about 85 p,m, preferably 100 fim or more, 

^0 and more preferably 1 05 ^.m or more. In some GRIN fiber 
lenses 18, cladding is absent so that the core has a di- 
ameter of about 1 25 jim. 

[0024] Figure 3B shows refractive index profiles 28 and 
29 that correspond to the Ge-dopant density profiles 26 

45 and 27 of GRIN fiber lenses 1 1 and 1 8, respectively. The 
radial profiles 28, 29 are concave down in the core 22. 
[0025] The radial profiles 28, 29 also show that the 
GRIN fiber lens 18 used in the invention has a refractive 
index whose radial profile has a significantly more gentle 

50 variation than in the conventional GRIN fiber lens 1 1 . A 
parameter "g" measures the radial curvature of the re- 
fractive index profile in the core of a GRIN fiber lens. In 
particular, the parameter g is defined as: 
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Here, V is radial distance for the axis of the GRIN fiber 
lens, no is the value of the refractive index on the axis of 
the GRIN fiber lens, and P(r) is the value of the refractive 
index at the distance V from.the axis of the fiber lens. 
[0026] The GRIN fiber lens 18 has a refractive index 
profile that has a gentler radial variation over the lens' 
core. Refractive index profiles of the GRIN fiber lens 18 
typically, have radial curvatures that are smaller in mag- 
nitude than those disclosed in Table 1 of EM KEY, (supra). 
Typically, magnitudes of the radial curvature of refractive 
index profile for embodiments of the GRIN fiber lens 18 
are, at least, twice as small as values for the same quan- 
tity that are disclosed in EMKEY. Exemplary GRIN fiber 
lens 18 have a "g" that is less than 1.7 x 10 6 n,nr 2 , 
preferable less than about 0.9 x 1 0* 6 |xrrr 2 and more 
preferably less than about 5.0 x 10-7 ^nr 2 . For 125 |xm 
- diameter GRIN fiber lenses 1 8, values of "g" are select- 
ed from the range 1.7 x 10~ 6 urn 2 to 5.0 x 10 7 n,rrr 2 
and preferably in the range 0.9x1 0" 6 n.rrv 2 to 5.0 x 1 0~ 7 
p,nT 2 to provide good beam collimation. 
[0027] Exemplary GRIN fiber lens 1 8 have core index 
profiles that vary approximately quadratically in the dis- 
tance from the lens axis. But, other embodiments of the 
GRIN fiber lens 1 8 have non-quadratic index profiles. 
[0028] Referring again to Figure 2, the GRIN fiber lens 
18 has a wider core 22 than the conventional GRIN fiber 
lens 1 1 . The wider core 22 and the smaller value of the 
parameter "g* enable the GRIN fiber lens 1 8 of appropri- 
ate length to produce a beam with a wider cross section 
and a lower energy density when used as a beam colli- 
mator. 

[0029] Figures 4A and 4B show light beams 31, 32 
emitted by fiber devices 16', 10' of the types shown in 
Figures 1 and 2. The fiber devices 16', 10' have GRIN 
fiber lenses 18', 1 V with equal pitches, e.g., 5/16 pitch, 
but different refractive index profiles. The profile in the 
lens 1 8' significantly increases the Rayleigh range, RR, 
of the fiber device 16' above the Rayleigh range, RR', of 
the conventional device 10'. The increased Rayleigh 
range results from a more gradual beam expansion in 
the GRIN fiber lens 1 8' as compared to the beam expan- 
sion in the conventional GRIN fiber lens 11 . In particular, 
Figures 4A and 4B show that making the radial curvature 
in refractive index of a GRIN fiber lens smaller than in 
conventional GRIN fiber lenses significantly reduces the 
divergence of the emitted beam for a given pitch. 
[0030] The Rayleigh range determines the distance 
range over which an optical device can couple to a fiber 
device without substantial losses. The larger Rayleigh 
range in the fiber device 16' makes a larger set of dis- 
tances available for end-coupling to such a device than 
are available for the conventional fiber device 10'. 
[0031] GRIN lenses of equal pitch ordinarily have 
equal products of g 1/2 times the lens-length. Since the 
GRIN fiber lenses 18 have smaller g-values, the GRIN 
fiber lenses 1 8 are ordinarily longer than conventional 
GRIN fiber lenses 1 1 of equal pitch. The longer lengths 
make the GRIN fiber lenses 18 easier to handle, align, 



and fuse to optical fibers than the conventional GRIN 
fiber lenses 1 1 . The increased lengths also reduce col- 
limation errors associated with cleaving errors that occur 
during production of the GRIN fiber lenses 1 8. 
5 [0032] Figure 5 is a flow chart for a method 100 of 
fabricating a GRIN fiber lens of doped silica-glass 
through modified chemical vapor deposition (MCVD). 
MCVD construction of optical fibers is described in U.S. 
Patent 4,909,81 6 and 4,21 7,027. The fabrication method 
*o 100 includes forming an improved GRIN preform and 
then, using the improved GRIN preform to make the 
GRIN fiber lenses, e.g., GRIN fiber lenses 1 8 of Figure 2. 
[0033] To form the GRIN preform, layers of silica-glass 
are deposited inside a silica-glass cladding tube by 
15 MCVD (step 1 02). During the MCVD, a time-varying par- 
tial pressure of dopant gases is bled into the gas mixture 
used to deposit silica-glass on the inside of the cladding 
tube. Exemplary dopants include Ge, Al, P, and F. Intro- 
duction of one or more of these dopants into the silica- 

20 glass changes the refractive index of the glass. The par- 
tial pressure of dopant gas is varied during the MCVD 
process to produce a non-trivial radial profile of dopant 
atoms in the final silica-glass preform 
[0034] The radial profile in dopant atoms produces a 

25 selected radially graded refractive index in the final pre- 
form. Exemplary profiles for the dopant density and the 
refractive index have profiles with concave downward or 
negative radial curvature. Often, the index profile varies 
as the square of the distance from the prefomYs axis in 

30 the core of the preform, e.g., profiles 27, 29 of Figures 
3A and 3B. Other radial profiles may be obtained by suit- 
ably altering the time-variation of the partial pressure of 
dopant atoms during the MCVD. Non-quadratic profiles 
in GRIN fibers are capable of reshaping of light beams 

35 therein as is known to those of skill in the art. 

[0035] The method 100 includes using the tube pro- 
duced by the internal deposition to form the rod-like pre- 
form. To form the rod-like preform, heat is applied to par- 
tially collapse the tube of doped silica-glass (step 1 04). 

40 in one embodiment, the heating includes making repeat- 
ed passes of the tube through a hot zone of a furnace. 
The heating is stopped prior to totally blocking the axial 
channel in the tube with glass. 

[0036] After partially collapsing the tube, a silica-glass 
45 etchant mixture is passed through the axial channel to 
remove several layers of glass from the axis of the tube 
(step 106). An exemplary gaseous etchant mixture in- 
cludes C 2 F 7 , 0 2 , and Cl 2 . Other gaseous etchant mix- 
tures include HF. The removed layers have lower dopant 
50 concentrations than adjacent outer layers of silica-glass, 
because dopants vaporize and are lost through the tube's 
axial canal during the heating used to collapse the tube. 
If these layers with lower dopant densities were not re- 
moved, the final preform would have an axial dip in do- 
55 pant density and a corresponding axial dip in refractive 
index. The axial dip in refractive index interfered the op- 
eration of some conventional GRIN fiber lenses. 
[0037] Afterthe etching removal of several central lay- 
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ers of glass, the tube is externally heated to finish its 
collapse to a rod-like preform of doped silica glass (step 
108). 

[0038] After cooling the preform, etchants are applied 
to the outer surface to remove a selected thickness of 
cladding tube from the outside of the preform (step 1 1 0). 
Removing a portion of the cladding tube enables subse- 
quent drawing of glass fibers with less or no cladding, 
e.g., see profiles 27 and 29 in Figures 3A and 3B. These 
thin-clad or non-clad fibers are advantageous for GRIN 
fiber lenses, because such fibers enable an optical beam 
to expand over a larger portion of the cross section of 
the final GRIN fiber. Spreading the beam over a larger 
cross section decreases the associated numerical aper- 
ture and decreases power densities so that defects on 
the end surface of the lens or on the target of the emitted 
beam are less likely to cause component damage. 
[0039] Fabrication of GRIN fiber lenses also includes 
using a standard fiber drawing furnace to draw GRIN 
fiber from the graded-index preform (step 112). After 
cooling, one end of the drawn GRIN fiber is fused to one 
end of a standard fiber, i.e., a fiber with a non-graded 
index core (step 114). To fuse the GRIN and standard 
fibers, the ends of the two fibers are heated with an elec- 
trical arc or a tungsten filament in an argon environment 
while the ends are appropriately aligned and positioned 
adjacent each other. 

[0040] Finally, the GRIN fiber is cleaved to produce an 
optical lens with a desired length (step 116). The final 
attached GRIN fiber lenses has a pitch of 1 / 2 , or any 
other desired length and is fused to the fiber on which it 
functions as a beam collimator and expander. 
[0041] To reduce reflections from the face of the final 
fiber device back into the fiber, the cleaving is often per- 
formed along a direction that is not perpendicular to the 
axis of the GRIN fiber. In a non-GRIN optical fiber, cleav- 
ing the fiber's end face at an 8 degree angle with respect 
to a direction perpendicular to the fiber's axis significantly 
reduces back reflections. For a GRIN fiber lens, this 
cleaving angle can be reduced to less than 8 degrees 
from a direction perpendicular to the lens axis to achieve 
the same reduction in back reflections into an attached 
optical fiber, e.g., a preferred cleave angle is about 0.5 
-2 degrees. 

[0042] The method 1 00 produces GRIN fiber lenses, 
e.g. lens 1 8 of Figure 2, that have lower refractive powers 
per unit length than conventional GRIN fiber lenses, e.g., 
lens 1 1 of Rgure 1 . Thus, the GRIN fiber lenses used in 
the invention are significantly longer than conventional 
GRIN fiber lenses having the same optical power. The 
longer lenses collimate light better and are easier to ma- 
nipulate during device construction. Exemplary GRIN fib- 
er lenses with low radial dopant gradients have full pitch 
lengths of about 2, 3, or 4-20 mm. 
[0043] The GRIN fiber lens 18 of Figure 2 can also be 
made by vapor axial deposition (VAD), outer vapor dep- 
osition (OVD), and sol-gel processes that are known to 
those of skill in the art. Such processes are also able to 



avoid creating an axial dip in refractive index in the final 
GRIN fiber lens. 

2. Fiber Devices That Use Grin Fiber Lenses 

5 

[0044] Various embodiments provide optical fiber de- 
vices that are described below. The various devices de- 
scribed use GRIN fiber lens 18 of Figure 2. 
[0045] Figure 6A shows a mode converter 34 that cou- 

10 pies a pair of optical fibers 36, 38 having different funda- 
mental or higher propagating modes. In some embodi- 
ments, the optical fibers 36, 38 have cores of different 
diameters or have refractive index jumps of different siz- 
es across core-cladding boundaries. In the mode con- 
's verter 34. GRIN fiber lens 43 is attached to the ends of 
the optical fibers 36, 38. In exemplary mode converters 
34 the GRIN fiber lens 43 is either fused directly to the 
optical fibers 36, 38 or joined to the fibers 36, 38 by a 
glue layer (not shown) whose thickness is not greater 

20 than the width of the cores of fibers 36,38. 

[0046] Since optical fibers 36, 38 have different core 
diameters and/or refractive index jumps, the fibers 36, 
38 have propagating modes, e.g., fundamental modes, 
with different sizes. Herein, the size of a propagating 

25 mode is defined as the mode's full-diameter between 
half-maximum amplitude values. Due to the different siz- 
es of the propagating modes, coupling the optical fibers 
36, 38 directly would produce a significant coupling loss 
of optical energy, i.e., a splice loss. 

30 [0047] To reduce splice losses, GRIN fiber lens 43 is 
positioned between optical fibers 36, 38 and is selected 
to expand the narrower propagating mode of optical fiber 
36 to have a larger diameter that equals that of the prop- 
agating mode of the optical fiber 38. Designing the GRIN 

35 fiber lens 43 to produce the appropriate size conversion 
entails selecting an appropriate lens length. One of skill 
in the art would know how to select the length of GRIN 
fiber lens 43 based on the amount of magnification need- 
ed to convert the size of the propagating mode of one 

*o fiber 36 into that of the propagating mode of the other 
fiber 38. 

[0048] In other embodiments, the mode converter 34 
couples a waveguide other than an optical fiberto optical 
fiber 38. 

45 [0049] Figure 6B shows a specific embodiment 34' of 
the mode converter 34 of Figure 6A. In the mode con- 
verter 34', GRIN fiber lens 43' is a compound tens made 
of a sequence of GRIN fiber lens elements 43A, 43B. 
The first element 43 A is fused directly to the end of optical 

50 fiber 36, and the last element 43B is fused directly to the 
end of optical fiber 38. Exemplary GRIN elements 43A 
and 43B are fused together and have different refractive 
index profiles and lengths. The lengths and index profiles 
of the two lens elements 43A, 43B are selected to better 

55 optically couple the fibers 36, 38. In some embodiments, 
the first GRIN element 43A expands the light beam emit- 
ted by fiber 36, and the second element 43B focuses the 
beam waist to the size of the propagating mode in the 
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fiber 38. 

[0050] Figure 7 A shows a 1 x2 micro-optical router 46. 
The router 46 includes an input optical fiber 48, output 
optical fibers 50, 52, and a movable reflector 54 for di- 
recting light from the input fiber 48 to a selected one of 
the output fibers 50, 52. 

[0051] The terminal ends of the optical fibers 48, 50, 
52 are fused to GRIN fiber lenses 49, 49', 49", e.g., iden- 
tical GRIN fiber lenses. The GRIN fiber lens 49 functions 
to coilimate or focus the emitted light beam from fiber 48. 
The GRIN fiber lenses 49', 49" function to collect light 
and couple the collected light into the associated optical 
fibers 50, 52. The output optical fibers 50, 52 are located 
so that the waist of the beam emitted by the input optical 
fiber 48 is at the midpoint of the optical path between the 
input and output optical fibers 48, 50, 52. The reflecting 
surface of reflector 54 is located at the beam waist to 
within about a Rayleigh range when positioned to reflect 
light to the output optical fiber 50. 
[0052] To select a routing, reflector 54 is moved in or 
out of the path of the light beam emitted by optical fiber 

48. The reflector 54 is fixed to a micro-electro-mechanical 
(MEM) device 56 that moves the reflector 54 in and out 
of the beam's optical path in response to electrical signals 
applied to the MEM device 56. 

[0053] The GRIN fiber lenses 49, 49', 49" improve 
beam collimation and collection so that terminal ends 58, 
60, 62 can be separated by distances that are large 
enough to enable insertion and removal of reflector 54 
in routing region 64. In embodiments of router 46 based 
on the GRIN fiber lenses 1 8 of Figures 2, 3A-3B, and 4A, 
better beam collimation enables distances between ter- 
minal ends 58, 60, 62 to be as large as about 9 mm. For 
these large inter-fiber distances, the GRIN fiber lenses 

49, 49', 49" reduce optical coupling losses to less than 
about 0.5 decibels (dB) and preferably to less than about 
0.2 dB - 0.05 dB. However, larger inter-fiber spaces in- 
volve more serious fiber device alignment issues. 
[0054] In some embodiments, the micro-router 46 has 
an overall size, S, that is much smaller than the overall 
size of an analogous router in which the GRIN fiber lenses 
49, 49', 49" are replaced by conventional lenses with 
curved refractive surfaces. The lenses with curved re- 
fractive surfaces have larger diameters than the GRIN 
fiber lenses 49, 49*. 49". The larger lens diameters re- 
quire positioning the ends of the input and output fibers 
at larger separations in such a router than in the micro- 
router 46. The lenses with curved refractive surfaces also 
typically produce large rdiametercollimated beams in the 
routing region than the fused GRIN fiber lenses 49 of 
micro-router 46. The larger beam diameters necessitate 
a larger reflective surface on the routering reflector of the 
router whose lenses have curved refractive surfaces than 
would be needed on the reflector 56 of the micro-router 
46. 

[0055] In some embodiments of micro-router 46, the 
distance, S, characteristic of separations between GRIN 
lenses 49, 49', 49" has a value in the range of about 1 -3 



times the fiber diameter to about 1 -3 times the Rayleigh 
range, e.g., less than about 1 mm. In these embodiments, 
the small size of the region 64 between the lenses 49, 
49\ 49" is achieved in part, because diameters of the 
5 attached GRIN fiber lenses 49, 49', 49" are small and in 
part, because the reflective surface on reflector 54 has 
a small beam acceptance window. The acceptance win- 
dow for reflecting the input beam can be less than the 
fiber diameter, because the GRIN fiber lens 49 produces 

10 a beam waist that is smaller than the diameter of fiber 
48. Both the small diameter GRIN fiber lenses 49, 49', 
49" and the smallness of reflector 54 enable the router 
46 to be much smaller than routers that use lenses with 
curved refractive surfaces. 

15 [0056] Figure 7B shows an alternate embodiment 46' 
of the router 46 shown in Figure 7A. In router 46', the 
fibers 48, 50, 52 are adjacent and located in a linear array 
68. A single rotatable reflector 54', e.g., a MEMS control- 
led reflector, selectively routes light from the fiber 48 to 

20 either the fiber 50 or the fiber 52. 1 n some embodiments, 
the axes the fibers 50 and 52 are slightly tilted with respect 
to the axis of the fiber 48 to insure that light from the 
reflector 56* parallel to the axis of the fibers 50, 52. 
[0057J Arranging the fibers 48, 50, 52 in array 68 

25 makes the width of the router 46' roughly equal to the 
width, W, of the array 68. The small diameters and fine 
collimation of GRIN fiber lenses 49, 49\ 49" enable pack- 
ing the fibers 48, 50, 52 closely in the array 68. Thus, 
embodiments of the router 46 can have a width, W, that 

30 is much smaller than the width of a similar-form router in 
which lenses with curved refractive surfaces replace the 
GRIN fiber lenses 49, 49', 49". 

[0058] Figure 7C shows an embodiment of an optical 
device 46" that couples three optical fibers 48, 50, 52 

35 based on light polarization, light wavelength, or relative 
fiber position. The optical fibers 48, 50, 52 have attached 
GRIN fiber lenses 49, 49\ 49" that coilimate and collect 
light. The device 46" includes an optical element 54' that 
transmits light between the optical fibers 48, 50, 52, e.g., 

40 in a manner that depends on polarization or wavelength. 
In various embodiments, optical device 54' includes a 
polarizing beamsplitter, a grating, an optical circulator, 
or a wavelength selective reflector such as a Bragg grat- 
ing. 

45 [0059] Figure 8 shows a 1xN micro-optical router 70 
that includes an input optical fiber 72, an output array 73 
of N output optical fibers 74 t -74 N , and a reflector 76. The 
optical fibers 72, 74 t -74 N are single-mode fibers to which 
terminal GRIN fiber lenses 77 0 -77 N have been fused. 

50 The light beam 78 from the input optical fiber 72 intersects 
the reflector 76 near the waist of the beam 78, i.e., within 
V2 a Rayleigh range. 

[0060] Exemplary reflectors 76 include mirrors that 
move or rotate and diffraction gratings that reflect light in 
55 a wavelength dependent manner. For example, the rout- 
er may be a spectrally sensitive demultiplexerfor a wave- 
length division multiplexed network. 
[0061 ] The GRIN fiber lenses 77 0 -77 N expand and col- 



6 



11 



EP 1 260 841 B1 



12 



limate the light beam 78 of the input optical fiber 72 and 
focus the light beam 78 into the output optical fibers 74 r 
74 N . Due to the GRIN fiber lenses 77 0 -77 N , the output 
array 73 of optical fibers 74 r 74 N and input optical fiber 
72 can be separated by an optical path that is long enough 
to enable insertion of bulk reflector 76 into the path with- 
out significant coupling losses. For the router 70 coupling 
losses are typically less than about 0.5 dB- 0.2 dB and 
preferably less than about 0.1 dB. 
[0062] tn micro-optical router 70, GRIN fiber lens 77 0 
focuses the beam from fiber 72 onto a reflective accept- 
ance window on the reflector 76. Perpendicular to direc- 
tion D, the diameter of the acceptance window is less 
than the fiber diameter. Also, the use of the GRIN fiber 
lenses 77 0 -77 N enables an increased fiber packing den- 
sity in the array 73 without interference between light 
beams reflected towards different ones of the fibers 74 r 
74 N . Finally, the use of GRIN fiber lens 77 0 enables the 
acceptance window and overall size of reflector 76 to be 
smaller than that of the reflector that would otherwise be 
needed in a router using lenses curved refractive surfac- 
es (not shown). Thus, using the GRIN fiber lenses 77 0 - 
77 N enables greater miniaturization in micro-router 70 
than in a fiber router based on lenses with curved refrac- 
tive surfaces. 

[0063] Other embodiments use the G R IN fiber lens 1 8 
of Figure 2 to construct Nx1 routers (not shown) by meth- 
ods that would be obvious to one of skill in the art in light 
of the above-disclosure. For example, a 2x1 router can 
be constructed by exchanging designations of input and 
outputforfibers 48, 50, 52 in 1 x2 micro-router46 of Figure 
7A. 

[0064] Figure 9 is a top view of an NxM optical router 
80. The router 80 includes an array 81 of N input optical 
fibers, 82, -82 N , and an array 83 of M output optical fibers, 
84 r 84 M . The fibers 82 r 82 N , 84 r 84 M have GRIN fiber 
lenses 85 r 85 N , 86 r 86 M fused to terminal ends thereof. 
The GRIN fiber lenses 85 r 85 N , 86«,-86 M provide beam 
collimation and collection functions analogous those pre- 
viously described in relation to GRIN fiber lenses 49, 49', 
49" of Figure 7A. Between the input and output fibers 
82 1 -82 N , 84 r 84 M are banks 87 F , 87 R of fixed and routing 
reflectors, 88 F1 -88 FN , 89 R1 -89 RN . Exemplary reflectors 
89 R1 -89 RN include wavelength-selective reflectors, e.g., 
gratings, and wavelength insensitive reflectors. Properly 
aligning the reflectors 88 Rr 88 RN routes light from indi- 
vidual ones of the input fibers 82^82,^ to selected ones 
of the output fibers, 84 1 -84 M . The reflectors 88 R1 -88 RN 
are operated by MEMs devices 89 r 89 N and have ac- 
ceptance windows for input beams whose diameters are 
smaller than the inter-fiber spacing, IFS, of array 81. 
[0065] By using attached GRIN fiber lenses 85 r 85 N , 
86 1 -86 M the fiber packing densities in the arrays 81, 83 
can be increased above fiber packing densities of an NxM 
fiber router in which lenses with curved refractive surfac- 
es (not shown) replace the GRIN fiber lenses 85 r 85 N , 
86 1 -86 M of Figure 9. Similarly, sizes of reflective surfaces 
of reflectors 88 F1 -88 FN , 89 Rr 89 RN in the router 80 are 



smaller than sizes of reflective surfaces of reflectors in 
routers based on lenses with curved refractive surfaces, 
because the beam diameters produced by the G R I N fiber 
lenses 85 r 85 N are small. Both effects enable the new 

5 NxM to be smaller than an NxM router based on lenses 
with curved refractive surfaces. 
[0066] Figure 10 shows a micro-optical device 90 that 
is located in-line between ends 91, 93 of optical fibers 
92, 94. Exemplary micro-optical devices 90 include 

10 wavelength-sensitive add/drop modules, polarizers, po- 
larization rotators, one-way optical isolators, and control- 
lable optical attenuators. The ends 91, 93 of the optical 
fibers 92, 94 are fused to GRIN fiber lenses 96, 98. The 
GRIN fiber lens 96 collimates light emitted by the optical 

15 fiber 92. The GRIN fiber lens 98 focuses received light 
into the optical fiber 94. The micro-optical device 90 has 
an approximate thickness, d, that, is not greater than the 
Rayleigh range associated with the GRIN fiber lenses 
96, 98. For such a thickness, the GRIN fiber lenses 96, 
20 98 reduce diffraction-related coupling losses. 

[0067] Other embodiments of the invention will be ap- 
parent to those skilled in the art in light of the specification, 
drawings, and claims. 

25 

Claims 

1. An apparatus (46, 46*,46", 70, 80, 90) comprising: 

30 a first optical fiber (48, 72, 82 v 92); 

a first GRIN fiber lens (49, 77 0 , 85,, 96) attached 

to the first optical fiber; 

a second optical fiber (52, 74,, 84,, 94) 

a second GRIN fiber lens (49", 77 v 86 lf 98) at- 

35 tached to the second optical fiber; and 

an optical device (54, 54', 76, 88) capable of 
directing a portion of a light beam emitted from 
a free end (58) of the first GRIN fiber lens to the 
second GRIN fiber lens characterized In that; 

40 the GRIN fiber lenses have silica-glass cores 

and refractive indexes with radial profiles, the 
profiles having negative radial second deriva- 
tives with average magnitudes in the cores of 
less than about 1.7 x 10 6 microns' 2 times the 

45 refractive index on the axes of the respective 

GRIN fiber lens. 

2. The apparatus of claim 1 , further comprising: 

so a micro-electro-mechanical controller (56) phys- 

ically coupled to the optical device. 

3. The apparatus of claim 1 , further comprising: 

55 a third optical fiber (50); 

a third GRIN fiber lens (49') attached to the third 
optical fiber; and 

wherein the optical device is capable of directing 



7 



13 



EP 1 260 841 B1 



14 



a portion of a light beam emitted from the free 
end (58) of the first GRIN fiber lens (49) to the 
third GRIN fiber lens (49'). 

4. A method of fabricating a GRIN fiber lens (1 8), com- 5 
prising: 



forming a tube of silica-glass having a tubular 
core and a concentric tubular cladding located 
adjacent and external to the tubular core, the 
core having a dopant density with a radially grad- 
ed profile; 

partially collapsing the tube by applying heat 
thereto, the partially collapsed tube having a 
central channel; 

passing a glass etchant through the central 
channel to remove an internal layer of silica 



then, collapsing the etched tube to a rod-like pre- 
form; and 

drawing a GRIN fiber from the preform, whereby 
the core of the GRIN fiber has a refractive index 
with a profile having a negative radial second 
derivative whose average magnitude is less 
than about 1 .7 X 1 0 6 microns 2 times the value 
of the refractive index on the axis of the GRIN 
fiber tens. 



5. The method of claim 4 wherein the forming step fur- 
ther comprises: 30 4. 

depositing a portion of the core on an inside sur- 
face of the tubular cladding, the depositing in- 
cluding introducing a mixture of a precursor for 
dopant deposition and a precursor for silica- 35 
glass deposition inside the tubular cladding, the 
depositing including varying the percentage of 
the precursor for dopant in the mixture with time; 
and removing at least an outer layer of the tu- 
bular cladding tube from the preform. *o 

6. The method of claim 4, further comprising: 

fusing a portion of the GRIN fiber to another op- 
tical fiber. 45 



Patentansp ruche 

1. Vorrichtung (46, 46', 46", 70, 80, 90), umfassend: so 

eine erste optische Faser (48, 72, 82 v 92); 
eine an derersten optischen Faser angebrachte 
GRIN-Faserlinse (49, 77 0 , 85^ 96); 
eine zweite optische Faser (52, 74 v 84^ 94); 55 5. 
eine an der zweiten optischen Faser angebrach- 
te zweite GRIN-Faserlinse (49", 77 v 86 lP 98); 
und 



eine optische Einrichtung (54, 54', 76, 88), die 
einen Teil eines aus einem f reien Ende (58) der 
ersten GRIN-Faserlinse emittierten Lichtstrahls 
zu der zweiten GRIN-Faserlinse leiten kann; da- 
durch gekennzeichnet, daB 
die GRIN-Faserlinsen Kieselglaskerne und Bre- 
chungsindizes mit radialen Profilen aufweisen, 
wobei die Profile negative radiale zweite Ablei- 
tungen mitmittleren Betragen in den Kemen von 
weniger als etwa 1,7 x 1Cr 6 Mikrometer 2 mal 
den Brechungsindex auf den Achsen der jewei- 
ligen GRIN-Faserlinse aufweisen. 

2. Vorrichtung nach Anspruch 1 , ferner umfassend: 

eine physisch an die optische Einrichtung ange- 
koppelte Mikroelektromechanische Steuerung 
(56). 



20 3. Vorrichtung nach Anspruch 1 , ferner umfassend: 



eine dritte optische Faser (50); 
eine an derdritten optischen Faser angebrachte 
dritte GRIN-Faserlinse (49'); und 
wobei die optische Einrichtung einen Teil eines 
aus einem freien Ende (58) der ersten GRIN- 
Faserlinse (49) emittierten Lichtstrahls zu der 
dritten GRIN-Faserlinse (49') leiten kann. 
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Verfahren zur Herstellung einer GRIN-Faserlinse 
(18), mit den folgenden Schritten: 

Bilden einer Rohre aus Kieselgfas mit einem 
rohrenformigen Kern und einem konzentrischen 
rohre nformigen Mantel, dersich neben dem roh- 
renformigen Kern und auBerhalb davon befin- 
det, wobei der Kern eine Dotierungsstoffdichte 
mit einem radial abgestuften Profit aufweist; 
teilweises Koliabieren der Rohre durch Anwen- 
den von Warme darauf, wobei die teilweise kol- 
labierte Rohre einen Zentralkanal aufweist; 
Leiten eines Glasatzmittels durch den Zentral- 
kanal, urn eine interne Schicht Kieselglas zu ent- 
fernen, 

dann Koliabieren der geatzten Rohre zu einer 
stabartigen Preform; und 
Ziehen einer GRIN-Faser aus der Preform, wo- 
bei der Kern der GRIN-Faser einen Bre- 
chungsindex mit einem Profil mit negativer ra- 
dialerzweiter Ableitung aufweist, deren mittlerer 
Betrag kleiner als etwa 1,7 x 10 6 Mikrometer 2 
mal der Brechungsindex auf der Achse der 
GRIN-Faserlinse ist 

Verfahren nach Anspruch 4, wobei der Schritt des 
Bildens ferner folgendes umfaBt: 

Ablagern eines Teils des Kerns auf einer inneren 
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Oberflache des rohrenformigen Mantels, wobei 
das Ablagern umfaBt, eine Mischung aus einem 
Precursor zur Dotierungsstoffablagerung und 
einem Precursor zur Kieselglasablagerung in- 
nerhalb des rohrenformigen Mantels einzufuh- 
ren, wobei das Ablagern umfaBt, den Anteil des 
Precursor fur Dotierungsstoff in der Mischung 
mit der Zeit zu variieren; und 
Entfernen mindestens einer auBeren Schicht 
der rohrenformigen Mantelrohre von der Pre- 
form. 

6. Verfahren nach Anspruch 4, umfassend: 

Anschmelzen einesTeils derGRIN-Faseran ei- 
ne andere optische Faser. 



Revendications 

1 . Appareil (46, 46\ 46", 70, 80, 90) comprenant : 

une premiere fibre optique (48, 72, 82 v 92) ; 
une premiere lentilfe de fibre a gradient d'indice 
(GRIN) (49, 77 0 , 85,, 96) fixee a la premiere 
fibre optique ; 

une deuxieme fibre optique (52, 74, , 84,, 94) 
une deuxieme lentille de fibre GRIN (49", 77,. 
86,, 98) fixee a la deuxieme fibre optique ; et 
un dispositif optique (54, 54', 76, 88) capable de 
dinger une partie d'un faisceau lumineux emis 
depuis une extremity libre (58) de la premiere 
lentille de fibre GRIN vers la deuxieme lentille 
de fibre GRIN, caracterise en ce que : 
les lentilles de fibre GRIN ont des coeurs en ver- 
re de silice et des indices de refraction a profil 
radial, les profils ayant des deuxiemes deriv§es 
radiales negatives de grandeurs moyennes 
dans les coeurs de moins d'environ 1,7 x 10 6 
microns 2 fois Tin dice de refraction sur les axes 
de la lentille de fibre GRIN respective. 

2. Appareil selon la revendication 1, comprenant en 
outre : 

un controleur micro-electro-mecanique (56) 
couple physiquement au dispositif optique. 

3. Appareil seion ia revendication 1, comprenant en 
outre : 



de fibre GRIN (49'). 

4. Procede de fabrication d'une lentille de fibre GRIN 
(18), comprenant : 

5 

la formation d'un tube de verre de silice ayant 
un coeur tubulaire et une gaine tubulaire con- 
centrique situee a proximity et a I'exterieur du 
coeur tubulaire, le coeur ayant une densite de 
10 dopant a profil gradue radiatement ; 

I'affaissement partiel du tube en lui appliquant 
de la chaleur, le tube partiellement affaisse 
ayant un canal central ; 

le passage d'un agent d'attaque chimique du 
*5 verre a travers le canal central afin d'eliminer 

une couche interne de verre de silice, 
puis I'affaissement du tube attaque en une pr6- 
forme en forme de tige ; et 
Tetirage d'une fibre GRIN a partir de la preforme, 
20 de telle sorte que 

le coeur de la fibre GRIN ait un indice de refrac- 
tion ayant un profil ayant une deuxieme derivee 
radiale negative dont la grandeur moyenne est 
inferieure a environ 1,7 x 10 6 microns 2 fois la 
25 valeur de I'indice de refraction sur i'axe de la 

lentille de fibre GRIN. 

5. Proc6de selon la revendication 4, dans lequel J'etape 
de formation comprend en outre : 

30 

le depot d'une partie du coeur sur une surface 
interne de ia gaine tubulaire, le depot compor- 
tant Pintroduction d'un melange d'un precurseur 
de depot de dopant et d'un precurseur de depot 

35 de verre de silice a I'interieur de la gaine tubu- 

laire, le d6pot comportant la variation du pour- 
centage du precurseur de dopant dans le me- 
lange dans le temps ; et ['elimination d'au moins 
une couche externe du tube de gaine tubulaire 

40 de ia preforme. 

6. Procede selon la revendication 4, comprenant en 
outre: 

45 la fusion d'une partie de la fibre GRIN a une 

autre fibre optique. 



une troisieme fibre optique (50) ; 
une troisieme lentille de fibre GRIN (49') fixee a 
ia troisieme fibre optique ; et 
dans lequel le dispositif optique est capable de 55 
dinger une partie d'un faisceau lumineux emis 
depuis I'extremite libre (58) de la premiere len- 
tille de fibre GRIN (49) vers la troisieme lentille 
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FIG. 3 A 
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FIG. 5 

( 1 02 

PRODUCE TUBE OF SILICA-GLASS WITH 
NON -TRIVIAL RADIAL DOPANT PROFILE 
BY MCVD INSIDE A CLADDING TUBE 

T \ 104 



HEAT COLLAPSE TUBE OF DOPED 
SILICA-GLASS WITHOUT FULLY 8L0CKING 
AXIAL CANAL IN THE TUBE 



PASS SILICA-GLASS ETCHANT THROUGH 
THE CANAL TO REMOVE DOPANT- 
DEPLETED LAYERS OF SILICA-GLASS 

' 108 



APPLY HEAT TO FORM ROD-LIKE PREFORM 

f 110 



ETCH OFF SELECTED THICKNESS OF 
CLADDING TUBE PORTION OF THE PREFORM 



1 c "2 



DRAW GRIN FIBER FR OM THE PREFORM 

,114 



FUSE ONE END OF GRIN FIBER TO A 
STANDARD FIBER 

I ' 116 



CLEAVE GRIN FIBER TO PRODUCE DESIRED 
LENS LENGTH 



13 



EP 1 260 841 B1 



FIG. 6A 
34 




36 38 



FIG. 6B 



34' 

> 




36 38 



14 



EP 1 260 841 B1 




FIG. 7B 
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